It is generally recognized that hepatic fibrogenesis is an end result of increased extracellular matrix (ECM) production from the activation and proliferation of hepatic stellate cells (HSCs). An in-depth understanding of the mechanisms of HSC necroptosis might provide a new therapeutic strategy for prevention and treatment of hepatic fibrosis. In this study, we attempted to investigate the effect of curcumol on necroptosis in HSCs, and further to explore the molecular mechanisms. We found that curcumol ameliorated the carbon tetrachloride (CCl 4 )-induced mice liver fibrosis and suppressed HSC proliferation and activation, which was associated with regulating HSC necroptosis through increasing the phosphorylation of receptor-interacting protein kinase 1 (RIPK1), receptor-interacting protein kinase 3 (RIPK3). Moreover, curcumol promoted the migration of RIPK1 and RIPK3 into necrosome in HSCs. RIPK3 depletion impaired the anti-fibrotic effect of curcumol. Importantly, we showed that curcumol-induced RIPK3 up-regulation significantly increased mitochondrial reactive oxygen species (ROS) production and mitochondrial depolarization. ROS scavenger, N-acetyl-L-cysteine (NAC) impaired RIPK3-mediated necroptosis. In addition, our study also identified that the activation of c-Jun N-terminal kinase1/2 (JNK1/2) was regulated by RIPK3, which mediated curcumol-induced ROS production. Down-regulation of RIPK3 expression, using siRIPK3, markedly abrogated JNK1/2 expression. The use of specific JNK1/2 inhibitor (SP600125) resulted in the suppression of curcumol-induced ROS production and mitochondrial depolarization, which in turn, contributed to the inhibition of curcumol-triggered necroptosis. In summary, our study results reveal the molecular mechanism of curcumol-induced HSC necroptosis, and suggest a potential clinical use of curcumol-targeted RIPK1/RIPK3 complex-dependent necroptosis via JNK1/2-ROS signaling for the treatment of hepatic fibrosis.
Introduction
Hepatic fibrosis caused by multiple chronic liver injuries, is a known contributor to cirrhosis, and even liver cancer [1, 2] . This scarring process starts with activation and proliferation of hepatic stellate cells (HSCs). Activated HSCs trans-differentiate into myofibroblasts during liver fibrosis, leading to the secretion and deposition of extracellular matrix (ECM) components [3, 4] . A growing evidence has shown that hepatic fibrosis is reversible [5] [6] [7] . The elimination of activated HSCs through cell death, including apoptosis, senescence, autophagy has been regarded as an effective antifibrogenic strategy [8] [9] [10] . We previously reported that HSC senescence could enhance immune surveillance, inhibit ECM components production, and consequently improve liver fibrosis [11] . Our recent study showed that the inhibition of autophagy in activated HSCs restored lipocyte phenotype, which was beneficial for the reverse of hepatic fibrosis [12] . Recent studies have highlighted a new model of programmed cell death, necroptosis, which is closely involved in liver disease including hepatocellular carcinoma (HCC), alcoholic fatty liver disease, and non-alcoholic fatty liver disease [13] [14] [15] . Investigations on necroptosis in liver fibrosis, however, are rarely performed. Until recently, only one published study showed that gallic acid could trigger necroptosis in activated HSCs [16] . In the current study, we intend to evaluate the role of necroptosis in liver fibrosis and further to explore the underlying molecular mechanisms.
Necroptosis is characterized as the cell death with the similar morphology as necrosis and the unique upstream signal pathway just as apoptosis [17] . Necroptosis may serve as an alternate pathway to enable cell death when apoptosis is restrained. Receptor-interacting protein kinase 1 and 3 (RIPK1 and RIPK3) are regarded as central regulators for initiating necroptosis [18, 19] . Activated RIPK1 binds to RIPK3, generating the necrosome complex. Necrosome could recruit and promote mixed lineage kinase domain-like (MLKL) phosphorylation [20] . Then, the activated MLKL oligomerizes and binds to membrane phospholipids, promoting the formation of pores that cause necroptotic cell death [21] . Recently, growing evidence has showed that reactive oxygen species (ROS) could change mitochondrial permeability, eventually leading to necroptosis [22] . However, it is still unknown whether the programmed necrosis ultimately result in cell death through the mitochondrial ROS pathway or the permeable pores induced by MLKL in some certain cells [23] . Moreover, the roles of RIPK1 and RIPK3 remain unclear in regulating ROS-mediated necroptosis. We previously reported that ROS-JNK1/2-induced autophagy in activated HSCs ameliorated inflammatory microenvironment [24] . It is interesting to explore whether ROS generation contributes to HSC necroptosis.
It is well-known that intracellular ROS could regulate mitogen activated protein kinases (MAPKs), including c-Jun N-terminal kinase1/2 (JNK1/2), extracellular regulated kinase1/2 (ERK1/2), and p38, which are the critical kinases that participate in numerous biological process, such as apoptosis, autophagy, and cell survival [25] [26] [27] . Meanwhile, ROS is vital for ferroptosis, a newly discovered type of regulated cell death [28] . Interestingly, recent study reported JNK activation could contribute to intracellular ROS production, promoting poly (ADP-ribose) polymerase-1 (PARP-1) dependent cell death (parthanatos) in glioma cells [29] . Besides, JNK could be phosphorylated by RIPK3, and activated JNK might contribute to necrosis via advancing the generation of intracellular ROS in hepatocytes [30] . These discoveries show that the JNK/ROS signaling pathway is important for cell survival. Thus, whether RIPK3/JNK/ROS signaling pathway involves in HSC necroptosis is worth further exploring.
Curcumol, a guaiane-type sesquiterpenoid hemiketal extracted from the roots of the herb Rhizoma Curcumae, exhibits multiple-pharmacological activities, including anti-inflammatory, and anti-tumor effect [31, 32] . A previous study reported that curcumol induced HSC-T6 cell death [33] , but no major research of curcumol on liver fibrosis has been done. In the present study, we are the first to evaluated the effect of curcumol on protecting the liver from carbon tetrachloride (CCl 4 )-induced injury and fibrogenesis. Importantly, we verify that curcumolinduced RIPK1/RIPK3 complex promoted ROS production in HSCs via activating JNK1/2, thus triggering HSC necroptosis. Our study shows that curcumol can be a potential chemotherapeutic agent for the treatment of liver fibrosis.
Materials and methods

Chemicals and reagents
Curcumol, N-acetyl cysteine (NAC), N-benzyloxycarbonyl-Val-AlaAsp-fluoromethylketone (Z-VAD-FMK), necrotatin-1 (Nec-1), and SP600125 were brought from Sigma-Aldrich (St Louis, MO, USA). Dulbecco's modified essential medium (DMEM), fetal bovine serum (FBS), Opti MEM medium, phosphate buffered saline (PBS), and trypsin-EDTA were purchased from GIBCO BRL (Grand Island, NY, USA). Oxidation sensitive 2′,7′-dichlorodihydrofluorescin diacetate (DCFH-DA) and 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) were obtained by Beyotime Biotechnology (Shanghai, China).
MitoSox Red was brought from Thermo Fisher Scientific (Waltham, MA, USA). Anti-rabbit IgG, anti-mouse IgG and antibodies against β-actin, and RIPK1 (17519-1-AP) were purchased from Proteintech Group, Inc. (Rosemont, IL, USA). Main antibodies against α-SMA, α1(I) procollagen, EGFR, fibronectin, MLKL, PDGF-βR, p-MLKL, p-RIPK3, RIPK3, and TGF-βRII were obtained from Abcam Technology (Abcam, Cambridge, UK). Primary antibodies against caspase3, cleaved-caspase3, caspase8, cleaved-caspase8, caspase9, cleaved-caspase9, ERK, JNK, p38, p-ERK, p-JNK, p-p38, p-RIPK1 and TIMP2 were procured by Cell Signaling Technology (Danvers, MA, USA). Lentivirus vectors encoding negative control shRNA (NC shRNA) and RIPK3 shRNA were designed by Hanbio (Shanghai, China).
Animal procedures and treatments
All experimental procedures received the approval of the institutional and local committee on the care and use of animals in Nanjing University of Chinese Medicine (Nanjing, China). The whole animals were given humane care according to the National Institutes of Health guidelines. Male ICR mice weighing about 18-22 g were purchased from Nanjing Medical University (Nanjing, China). A mixture of CCl 4 (0.1 ml/20 g body weight) and olive oil (1:9 (v/v)) was utilized to trigger hepatic fibrosis in mice by intraperitoneal injection. Male ICR mice were randomly divided into seven groups (eight mice per group). Mice in groups 1-7 were correspondingly given the following treatments: group 1, negative control (NC) shRNA lentivirus and olive oil; group 2, NC shRNA lentivirus, CCl 4 , and olive oil; Mice in groups 3-5, NC shRNA lentivirus, CCl 4 , olive oil, and curcumol with 15, 30 and 60 mg kg , respectively, serving as treatment groups; group 6, RIPK3 shRNA lentivirus, CCl 4 , and olive oil; group 7, RIPK3 shRNA lentivirus, CCl 4 , olive oil and curcumol (30 mg kg −1 ). Mice in groups 2-7 were intraperitoneally injected with CCl 4 every day for 8 weeks. Curcumol was dissolved in olive oil and given every other day via intraperitoneal injection during the 5-8 weeks period. Lentivirus with a titer of 2.5 × 10 7 pfu/g was injected into caudal vein of mice once per 2 weeks.
At the end of the experiment, all mice were anesthetized with an injection of pentobarbital (50 mg kg
), and then sacrificed. Blood was gathered for biochemical indicators and ELISA assay. A partial liver was removed for histopathological, immunofluorescence, and immunohistochemical studies by fixing with 10% formalin and subsequently embedded with paraffin. The rest of liver was cut into pieces and immediately frozen with liquid nitrogen for extracting total RNA and proteins.
Liver histopathology and immunohistochemistry
Hematoxylin and eosin (H&E), Masson and Sirius Red staining were conducted according to the previously established methods. Immunohistochemical staining was performed using antibodies against CD45, F4/80, and α-SMA as previously described [11] . Photographs were taken in a blinded fashion at random fields. Representative pictures of liver sections were displayed.
at 100 μl volume per well. After drugs treatment, 10 μl CCK8 solution was added in the medium directly and incubated for 2 h at 37°C. The absorbance of each well was determined at 450 nm by a Microplate Reader (Bio-Rad, Hercules, CA, USA).
Analysis of cell death by Trypan Blue Staining
Cell death was determined by Trypan Blue Staining assay (Beyotime Biotechnology, Shanghai, China). In brief, after curcumol treatment, cells were digested using trypsin without EDTA, and gathered by centrifugation, then washed twice with PBS and resuspended in PBS. Cell suspension and trypan blue solution were mixed gently in 1:1 ratio and stained for 3 min. A few of stained cells were counted with a hemocytometer and photographs were taken in a blinded fashion at random fields. Stained blue cells represented dead cells.
SiRNA Transfection
RIPK3 siRNA (5′-GCAGUUGUAUAUGUUAACGAGCGGUCGdTdT-3′) was synthesized by GenScript (Nanjing, China). RIPK3 siRNA (4 μg/μl) and 10 μl lipofectamine 2000 reagent (Life Technologies, New York, NY) were mixed with 250 μl of Opti MEM medium, respectively. After incubating for 5 min at room temperature, the above two mixtures were lightly mixed and continuously cultured for 20 min at room temperature. Then the cells in 6-well plates were incubated with 500 μl mixed medium for 8 h at 37°C, and were re-cultured in complete medium for an additional 16 h at 37°C. Control siRNA was used as a negative control.
RNA isolation and real-time PCR
Total RNA was extracted from HSC-LX2 cells using Trizol reagent according to the protocol provided by manufacturer (Sigma-Aldrich, St. Louis, MO, USA) and then reversely transcribed to cDNA by PrimeScript RT reagent kit (TaKaRa Biotechnology, Beijing, China). Real-Time PCR was conducted by the SYBR Green I fluorescent dye (TaKaRa Biotechnology, Beijing, China), according to the manufacturer's guidelines. Glyceraldehyde phosphate dehydrogenase (GAPDH) was served as an invariant control, and mRNA levels were expressed as fold changes after normalizing to GAPDH. Results came from triplicate experiments. Table 1 listed out the primers (Genscript, Nanjing, China) used.
Western blot analyses and immunoprecipitation assay
Tissue samples or cells were lysed by a mammalian lysis buffer (Sigma St. Louis, MO, USA) and western blot analysis was conduct according to the manufacturer's instructions (Bio/Rad, Hercules, CA, USA). After determining the concentrations of protein, the HSC-LX2 cell extraction was incubated with RIPK1 or RIPK3 antibody and followed by incubating with proteinA/G plus-agarose beads overnight at 4°C. Then the complexes were washed 3 times with immunoprecipitation assay (RIPA) buffer on rice and boiled in SDS sample buffer for subsequent western blot analysis. β-actin was detected with anti-β-actin antibody (Danvers, MA, USA) for use as loading controls.
Immunofluorescence analysis
HSC-LX2 cells were planted on 24-well plates and cultured in DMEM with 10% FBS, then given corresponding reagents for 24 h. After that, cells were fixed with 4% PFA for 30 min at 37°C. After permeabilized with PBS-T (0.1% Triton x-100 dissolved in PBS) and blocked with PBS-B (4% BSA dissolved in PBS). Cells were stained with the corresponding antibody (1:100 dilution) overnight at 4 ℃, followed by incubation with FITC-labeled Goat Anti-Rabbit IgG (1:2000 dilution) for 2 h. Finally, 4′,6-Diamidino-2-phenylindole (DAPI) was applied for staining the nucleus in dark for 5 min and the fluorescence was observed with fluorescence microscope (Nikon, Tokyo, Japan).
For liver tissues, sections including both the liver lobule and portal areas were cut into 5 µm in thickness, which were blocked with 1% bovine serum albumin after deparaffinization, and then followed by incubating with corresponding antibodies overnight at 4 ℃. After washing with PBS for 3 times, secondary antibodies were used to incubate with the sections for 1 h at room temperature. The sections incubated with secondary antibodies alone served as vertical controls. Sections were observed in a single plane under an MRC 1024 laser confocal microscope (Bio-Rad Laboratories).
Biochemical analysis
Sera were separated from whole blood by centrifugation. Serum levels of AST, ALT, ALP, LDH, TBIL, and IBIL were detected using commercial assay kits according to the protocols from manufacturer (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China). The absorbance values were determined using a SpectraMax™ microplate spectrophotometer (Molecular Devices, Sunnyvale, CA, USA)
Enzyme-Linked Immunosorbent Assay (ELISA)
The serum levels of related factors, including IL-6, IL-8, IL-10, TNF-α, hyaluronic acid, laminin, type III procollagen, and type Ⅳ collagen were measured with ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's protocols.
Transmission electron microscopy
HSC-LX2 cells (14,000 cells/well) of the same density were seeded onto 4-chambered coverglass (Lab-Tek Chambered Coverglass System) (Nalgene/Nunc, Rochester, NY, USA). Images were obtained from the Olympus EM208S transmission electron microscope.
Intracellular ROS levels assay
The level of intracellular ROS was determined by oxidation-sensitive fluorescent probe DCFH-DA as previously described [24] . To confirm that ROS involved in curcumol-induced HSC death, HSC-LX2 cells were pretreated with ROS scavenger, NAC (10 mM) for 1 h before being exposed to curcumol.
Determination of MDA, SOD levels and GSH/GSSG ratio
HSC-LX2 cells were plated into 6-well plates and treated with Table 1 Primers used for determination of mRNA expression levels in human HSC-LX2 cells.
Gene
Forward sequence Reverse sequence
indicated reagents. After treatment, the levels of intracellular MDA, SOD, GSH and GSSG were quantified using commercially available kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), according to the manufacturer's instructions.
Determination of mitochondrial superoxide
Mitochondrial superoxide was measured by MitoSox red staining as described by the manufacturer's protocol. After treatment with curcumol, HSC-LX2 cells were incubated with MitoSox reagent (5 μM) for 10 min at 37°C, and washed with PBS. The red fluorescence density was detected by fluorescence microscope (Nikon, Tokyo, Japan) using the Rhodamine channel.
Mitochondrial membrane potential assay
The mitochondrial membrane potential (MMP) was determined by JC-1 staining, following the manufacturer's guidelines. In brief, the cells were washed with PBS and incubated with JC-1 work solution at 37°C in the dark for 20 min. After the removal of JC-1 work solution, the cells were washed with PBS, and images were taken using a fluorescence microscope (Nikon, TiE, Japan) with both red and green channels. The MMP is represented by the average red/green fluorescent intensity ratio.
Statistical analysis
Results were expressed as mean ± S.D. or mean ± S.E.M, and the differences between groups were analyzed using Prism 5.0 (Graph Pad Software Inc., San Diego, CA). The statistical analysis was determined by Student's t-test (two-group comparison) or one-way analysis of variance with the Student-Newman-Keuls test (more than two groups). P < 0.05 was considered a significance.
Results
Curcumol protects mice liver from CCl 4 -induced injury and ameliorates murine hepatic fibrogenesis
To investigate the effect of curcumol on liver injury and hepatic fibrosis, a classical murine liver fibrosis model was built through intraperitoneal injection of CCl 4 [34] . CCl 4 causes hepatocyte steatosis, mild thickening of the central venous wall, fibro-plastic proliferation, inflammatory cell infiltration and collagen deposition. The result showed that curcumol treatment markedly ameliorated pathological features of liver fibrosis in a dose-dependent manner (Fig. 1A) . There was obvious increase in levels of serum ALT, AST, ALP, LDH, TBIL, and IBIL in CCl 4 -treated mice. Treatment with curcumol significantly decreased these serum markers of hepatic injury (Fig. 1B) . Inflammation is a vital precursor to hepatic fibrogenesis among chronic liver diseases [35] . The result of ELISA showed that the serum levels of pro-inflammatory factors, including IL-6, IL-8, and TNF-α, were dose-dependently decreased by curcumol. By contrast, the serum level of anti-inflammatory factor IL-10 was dramatically upregulated ( Supplementary  Fig. 1A ). Furthermore, immunohistochemistry (IHC) revealed that curcumol reduced inflammatory cell infiltration in CCl 4 -treated liver, illustrated by decreased intrahepatic CD45-, and F4/80-positive cells (Supplementary Fig. 1B ).
As shown in Fig. 1C , CCl 4 apparently induced liver fibrogenesis, whereas curcumol could markedly counteract the increase in serum levels of hyaluronic acid, laminin, type III procollagen, and type Ⅳ collagen in CCl 4 -treated mice. In addition, we examined the protein abundances of α-smooth muscle actin (α-SMA), α1(I) procollagen, fibronectin, key markers of liver fibrosis and transforming growth factor-β receptor II (TGF-βRII), the key receptor of transmitting profibrogenic pathways. Treatment with curcumol markedly reduced these protein expressions dose-dependently (Fig. 1D) . Similarly, immunofluorescence analyses of epidermal growth factor receptor (EGFR) with α-SMA (a characteristic HSC marker) indicated that curcumol abrogated EGFR expression in CCl 4 -induced fibrotic liver of mice dose-dependently (Fig. 1E) . Given that peroxisome proliferator activated receptor-γ (PPARγ) could control the profibrogenic biology of HSCs [36] , we then evaluated the effect of curcumol on the expression of PPARγ. Immunofluorescence double staining indicated that curcumol inhibited the activation of HSC in fibrotic liver of mice by upregulating the expression of PPARγ (Fig. 1F) . Collectively, curcumol protects mice liver from CCl 4 -caused injury and reduces inflammation, ultimately ameliorating hepatic fibrogenesis in CCl 4 -treated mice.
Curcumol inhibits HSC activation in vitro
It is generally accepted that HSC activation is the main cause of subsequent excessive collagen synthesis and deposition in the fibrotic liver [37] . We used cultured human cell line HSC-LX2 cells to verify whether curcumol could directly affect HSC activation. We measured the markers for signaling transduction of HSC activation in vitro. Our results showed that curcumol dose-dependently inhibited the transcriptional and translational regulation of α-SMA, α1 (I) collagen and fibronectin in HSC-LX2 cells ( Fig. 2A, B) . Immunofluorescence staining for α-SMA, α1 (I) collagen and fibronectin further demonstrated that HSC activation was dramatically suppressed under curcumol treatment (Fig. 2C) . Meanwhile, we found that curcumol downregulated the protein expression of TGF-βRI, TGF-βRII, and EGFR in HSCs (Fig. 2D ). Moreover, the protein level of platelet derived growth factor β receptor (PDGF-βR), a mitogenic factor, was also reduced by curcumol, as proved by the immunofluorescence staining (Fig. 2E ). In addition, curcumol significantly reduced tissue inhibitor of metalloproteinase 2 (TIMP-2) protein expression in HSCs (Fig. 2F) , which was partially responsible for increased ECM degradation [38] . These data suggest that curcumol can impair HSC activation via regulating several fibrotic markers.
Curcumol induces necroptosis but not apoptosis in HSCs
The inhibition of HSC viability is crucial for attenuating HSC activation. Cell Counting Kit-8 analysis showed that curcumol could dosedependently affect HSC-LX2 cell viability (Fig. 3A) , having no cytotoxicity on human hepatocytes at doses lower than 80 μM (Fig. 3B) . Light microscopy indicated that adherent and long spindle-shaped HSCs shrunk and changed to be semi-suspended with increased dose gradually (Fig. 3C) . It is widely known that apoptosis is important for clearing activated HSCs [39] . We first examined that whether curcumol induced HSC apoptosis. Pretreatment with apoptosis inhibitor Z-VAD-FMK had no influence on curcumol-induced anti-proliferation (Fig. 3D) . In addition, the protein levels of some key caspases did not change under curcumol treatment (Fig. 3E) . Therefore, curcumol-induced cell death was independent on apoptosis. Interestingly, the LDH release in HSCs increased dramatically in a dose-dependent manner in response to curcumol, and the levels of ATP decreased significantly at a dose of 45 μM (Fig. 3F, G) . At the same time, membrane permeability was concentration-dependently changed by curcumol, which was observable as Trypan blue-positive staining 24 h after curcumol treatment (Fig. 3H) . Furthermore, no obvious apoptotic features in curcumoltreated cells could be observed through transmission electron microscopy (TEM) analysis (Fig. 3I) . Instead, the cells exhibited a typical necrotic cell death morphology, including swelling of organelles (especially mitochondria), condensation of chromatin into small, irregular patches, and chromatin margination [17] . Along with its effect on the loss of plasma membrane integrity and the decrease of ATP production, we demonstrate that curcumol induces HSC necroptosis.
The RIPK1/RIPK3-complex is required for curcumol to induce HSC necroptosis in vitro
It has been reported that the RIPK1-RIPK3-MLKL signaling pathway was involved in the induction of necroptosis [40] . Thus, we investigated that whether curcumol changed the protein expression or phosphorylation of RIPK1, RIPK3 and MLKL by western blot analysis. As shown in Fig. 4A , curcumol treatment upregulated the total protein expression of RIPK1 and RIPK3 in dose-dependent manner. Besides, the phosphorylation of RIPK1 and RIPK3 increased after curcumol treatment. Interestingly, the up-regulated phosphorylation level of RIPK1 was sustained, whereas the phosphorylation of RIPK3 began to decrease at 16 h. However, curcumol had no significant influence on the expression of phospho-MLKL (Fig. 4A, B) . Immunofluorescence staining of RIPK1 and RIPK3 further validated the results of western blot (Fig. 4C,  D) . We further investigated the interaction between RIPK1 and RIPK3 in curcumol-treated HSCs by co-immunoprecipitation. When RIPK1 was immunoprecipitated with its antibody, the level of co-immunoprecipitated RIPK3 rose significantly in the curcumol-treated cells, compared to the control cells, which was impaired by RIPK1 inhibitor Nec-1. Similarly, immunoprecipitation of RIPK3 with its antibody caused co-immunoprecipitation of much more RIPK1 in the curcumol-treated cells. which was also abrogated by Nec-1 (Fig. 4E) .
Overall, these results demonstrate that curcumol not only upregulates the phosphorylation levels of RIPK1 and RIPK3, but also promotes their aggregation to form necrosome in HSCs, and eventually induces HSC necroptosis.
Curcumol reduces the expression of pro-fibrotic proteins by inducing RIPK1/RIPK3-mediated necroptosis in HSCs
Recent study has shown that gallic acid could trigger necroptosis in HSCs, indicating that HSC necroptosis might have a beneficial effect on ameliorating animal hepatic fibrosis [16] . We proceeded to investigate whether curcumol could inhibit profibrotic response in HSCs by regulating necroptosis. At first, we used selective RIPK1 inhibitor Nec-1 to verify that Nec-1 decreased curcumol-induced RIPK1 expression (Fig. 5A) . Cell Counting Kit-8 analysis showed that the inhibition of HSC viability under curcumol treatment was unexpectedly enhanced by Nec-1 (Fig. 5B) . Besides, Nec-1 did not impair the effect of curcumol on decreasing the markers of HSC activation (Fig. 5C ). These results suggested that the deficiency of RIPK1 protein might switch the cell death from necroptosis to apoptosis when HSCs were treated with curcumol. In fact, we found that Nec-1 promoted curcumol-induced apoptosis of HSCs, which was consistent with prior published studies [41, 42] ( Supplementary Fig. 2 ). Next, we explored the role of RIPK3 in the activation of HSCs. RIPK3 siRNA significantly inhibited cellular RIPK3 expression, suggesting a high transfection efficiency (Fig. 5D) . Results of Cell Counting Kit-8 analysis indicated that HSC viability was restrained by curcumol, but rescued by administration of RIPK3 siRNA (Fig. 5E ). We further investigated the role of RIPK3 in inhibiting HSC activation provided by curcumol. SiRNA-mediated knockdown of RIPK3 significantly ameliorated the inhibitory effect of curcumol on fibrotic makers (Fig. 5F, G) . Taken together, these findings show that curcumol abolishes HSC activation, which is associated with RIPK1/ RIPK3-mediated necroptosis in activated HSCs.
Curcumol induces mitochondrial ROS generation and depolarization in HSCs via a RIPK3-dependent mechanism
Numerous studies have shown that ROS production is necessary for necroptosis in several cell lines such as macrophages [43] , MEFs and L929 cells [44] . To investigate whether ROS participated in curcumolinduced cell death in HSCs, we first analyzed the effect of curcumol on the intracellular ROS levels. Observation using fluorescence microscopy showed that curcumol treatment dose-dependently increased ROS level in HSCs (Fig. 6A) . The overproduction of ROS triggers serious damages in various cells, related to increased MDA levels and decreased SOD and GSH content. Consistently, we found that curcumol treatment concentration-dependently promoted MDA formation, and conversely reduced SOD cellular vitality and GSH-to-GSSG ratio (Fig. 6E ). Further study with Cell Counting kit-8 analysis showed that curcumol-induced cell death was greatly suppressed when cells were pretreated with the ROS scavenger, NAC (Fig. 6B) , suggesting the critical role of ROS production in curcumol-triggered cell death in HSCs.
Necrosomes could disturb ROS homeostasis, induce ATP depletion and mitochondrial depolarization, eventually impairing mitochondrial metabolism and even resulting in cell death [45] . Next, we investigated whether mitochondrial ROS production and loss of mitochondrial membrane potential (MMP) in necroptosis were dependent on RIPK3 expression. MitoSox Red staining was used to evaluate the mitochondrial ROS production. As shown in Fig. 6C , curcumol induced significant increase of mitochondrial superoxide, which was attenuated by RIPK3 siRNA (Fig. 6D) . In addition, we found that pretreatment of cells Real-time PCR analyses of genes related to fibrogenesis, including a-SMA, α1(I) procollagen, fibronectin. (C, E) Immunofluorescence staining of a-SMA, α1(I) procollagen, fibronectin, and PDGF-βR. Scale bar, 50 µm. Data are expressed as mean ± SD (n = 3); *P < 0.05 versus DMSO, **P < 0.01 versus DMSO, and ***P < 0.001 versus DMSO.
with administration of RIPK3 siRNA significantly reversed curcumolinduced reduction of intracellular GSH and SOD levels (Fig. 6E) . The effect of curcumol on MMP was assessed using the JC-1 fluorescence ratio, where a low ratio of red/green means a dissipation of MMP [46] . The result indicated that curcumol led to the dissipation of MMP, whereas RIPK3 inhibition via siRNA dramatically ameliorated mitochondrial depolarization (Fig. 6F, G) . Collectively, these discoveries suggest that RIPK3-dependent mitochondrial ROS production and loss of MMP contribute to curcumol-induced necroptosis in HSCs.
RIPK3 promotes curcumol-induced mitochondrial ROS generation and depolarization via activating JNK
Accumulating evidence report that JNK activation promotes the increase of intracellular ROS generation, and contributes to the oxidative stress [27, 28] . Another report suggests that RIPK3 is great importance for JNK activation [29] . We hypothesized that JNK could mediate curcumol-induced RIPK3/ROS-dependent necroptosis in HSCs. To verify this hypothesis, we measured the levels of entirely phosphorylated MAPK signaling proteins in HSCs under curcumol treatment. Curcumol herein selectively increased JNK phosphorylation in dose and time-dependent manners (Fig. 7A, B) . Cell Counting Kit-8 analysis showed that curcumol inhibited HSC viability, but regained by selective JNK1/2 inhibitor (SP600125), suggesting JNK was vital for curcumol-induced HSC death (Fig. 7C) . Besides, the pretreatment with RIPK3 siRNA obviously impaired the curcumol-induced JNK1/2 activation, proving that JNK1/2 phosphorylation was a RIPK3-dependent process (Fig. 7D, E) . Given that JNK activation was essential for curcumol-induced necroptosis, we investigated whether mitochondrial ROS imbalance and depolarization were regulated by JNK1/2. The inhibition of phosphorylated-JNK by SP600125 could markedly protect HSCs from suffering the imbalance of mitochondrial homeostasis, indicated by the increase of MitoSox Red fluorescence (Fig. 7F) . These results confirm that JNK activation, as the upstream mechanism of mitochondrial dysfunction, is essential for RIPK3-dependent necroptosis in HSCs under curcumol treatment.
RIPK3 knockdown in HSCs impairs the effect of curcumol on attenuating hepatic fibrosis
To address the effect of necroptosis on liver fibrosis, we firstly examined the protein levels of RIPK1 and RIPK3 in mice liver tissues. Trypan blue staining was used to detect cell death. Scale bar, 100 µm. Data are expressed as mean ± SD (n = 3); *P < 0.05 versus DMSO, **P < 0.01 versus DMSO, ***P < 0.001 versus DMSO.
Results from double immunofluorescence staining of murine liver tissues displayed that curcumol increased the expression of RIPK1 and RIPK3 in mice fibrotic livers. Dual immunofluorescence staining of murine liver tissues clearly showed a close co-localization of RIPK1, and RIPK3 with HSC marker α-SMA (Fig. 8A, B) . To further define the role of necroptosis in hepatic fibrosis, RIPK3-deficient mice were treated with CCl 4 to trigger liver fibrosis. H&E, Masson and picrosirius red staining demonstrated that CCl 4 aggravated liver bridging fibrosis and caused excessive collagen deposition in RIPK3-knockdown mice, but improving by curcumol (Fig. 8C) . Besides, increased α-SMA expression by immunohistochemistry analysis indicated that RIPK3 shRNA significantly enhanced HSC activation, whereas the up-regulation of RIPK3 by curcumol inhibited HSC activation in CCl 4 -treated mice (Fig. 8D) .
Importantly, the primary HSCs and hepatocytes were isolated from fibrotic livers of mice treated with CCl 4 and/or curcumol, and the effect of curcumol on necroptosis in isolated primary HSCs and hepatocytes was investigated. Interestingly, curcumol did not induce cell death in primary hepatocytes, but could resulted in a significant decrease of living primary HSCs. (Supplementary Fig. 3A) . Moreover, treatment with curcumol could not trigger ROS overproduction in primary hepatocytes, whereas curcumol markedly induced ROS generation in CCl 4 -treated primary HSCs (Supplementary Fig. 3B ). Furthermore, curcumol could significantly reduce the activities of supernatant ALT, AST and LDH in primary hepatocytes from CCl 4 -treated mice liver ( Supplementary Fig. 3C ). Attractively, curcumol could bring the phosphorylation of RIPK1 and RIPK3 to approximately normal levels in primary HSCs in a concentration-dependent manner (Fig. 8E) . As expected, the role of curcumol in rescuing the protein expression of RIPK3 in primary HSCs extracted from CCl 4 -treated mice liver, was partially abrogated by RIPK3 shRNA (Fig. 8F) . In addition, curcumol treatment reduced the translation of the major profibrotic genes, including α-SMA and α1(I)-collagen, whereas RIPK3 shRNA significantly increased the protein expression of these profibrotic makers (Fig. 8F) . Therefore, our data demonstrate that curcumol attenuates liver fibrosis dependent on RIPK3-mediated HSC necroptosis.
Discussion
It is well known that the imbalanced synthesis and degradation of ECM ultimately result in liver fibrosis and later cirrhosis. ECM-producing myofibroblasts in liver are predominantly derive from HSCs. Once liver suffers injury, HSCs become activated [47] . Pharmacological induction of HSC death, such as apoptosis, senescence, and autophagy are one of the effective strategies to treat liver fibrosis [8] [9] [10] . In this study, we first confirmed the protective effect of curcumol on CCl 4 -triggered liver injury, inflammation, and hepatic fibrosis. Besides, we demonstrated that curcumol-induced HSC necroptosis could play a vital role in (E) Human HSC-LX2 cells were pretreated with 50 μM Nec-1 for 1 h, followed by curcumol treatment for 24 h. RIPK1 was immunoprecipitated with its antibody and resulted in co-immunoprecipitation of RIPK3. Immunoprecipitation of RIPK3 with its antibody caused coimmunoprecipitation of RIPK1 in HSC-LX2 cells. Data are expressed as mean ± SD (n = 3); *P < 0.05 versus DMSO, **P < 0.01 versus DMSO, ***P < 0.001 versus DMSO. reversing hepatic fibrosis process, and also discovered that the RIPK1/ RIPK3 complex-dependent necroptosis via JNK1/2-ROS signaling in HSCs was a novel approach to treat liver fibrosis.
Previous studies have identified the anti-tumor and anti-inflammatory role of curcumol [30, 31] . However, there are few studies on assessing the effect of curcumol on hepatic fibrosis. Chen et al. reported that curcumol induced HSC-T6 cell death through inhibiting of PI3K/NF-κB pathway, which suggested that curcumol might ameliorate hepatic fibrosis [33] . Herein, we investigated the effect of curcumol on liver fibrogenesis. The CCl 4 murine model was established as our previous description [11] . For the first time, we found that curcumol not only could ameliorate CCl 4 -induced liver injury and inflammatory effect, as serum levels of hepatic ALT, AST, ALP, and LDH all decreased, but also inhibit the release of inflammatory cytokines as well as hepatic inflammatory infiltration. Histopathological analysis showed that curcumol dramatically improved multiple features linked to liver fibrosis, such as adipose degeneration of hepatocytes, fibrous hyperplasia, and collagen deposition. In addition, serum hyaluronic acid, laminin, type III procollagen and type Ⅳ collagen were also effectively reduced by curcumol in the fibrotic murine liver. Furthermore, curcumol downregulated the expression of α-SMA, α1(I) procollagen, and fibronectin to approximately normal levels, and inhibited the pro-fibrogenic pathway transmission, including TGF, EGF pathways, which consisted with our vitro experiments. These data clearly showed that curcumol protected against liver fibrosis.
Accumulating evidence identified that the proliferation and growth of tumor cells were inhibited through the induction of necroptosis. Salvatore et al. found that S-nitrosoglutathione reductase-deficient HepG2 cells and tumors were more sensitive to succinate dehydrogenase (SDH) inhibitors, and SDH inhibitor suppressed the growth of HCC by inducing RIPK1/PARP1-mediated necroptosis [48] . Besides, Jing et al. showed cisplatin triggered lung cancer A549 cells death via MLKL-PITP alpha signaling-mediated necroptosis [49] . Moreover, Jing et al. identified the transcription factor specific protein-1 (SP1) and the epigenetic regulator ubiquitin-like, containing PHD and RING finger domains 1 (UHRF1) promoted RIPK3-mediated necroptosis in colon cancer cells [50] . Despite of all these, the function of necroptosis in non-tumor conditions has not been well understood. Interestingly, Dai et al. reported that curcumin, an effective ingredient isolated from the rhizome of the plant turmeric (Curcuma longa Linn), protected against iron induced neurotoxicity by modulating necroptosis [51] . Prior study has also discovered the existence of necroptosis in activated HSCs [16] . In the current study, we demonstrated that the other active component of curcuma, curcumol, could inhibit HSC proliferation in vitro. We also found that curcumol had no effect on the activation of caspases. Therefore, curcumol-induced cell vitality inhibition did not result from apoptosis. Typically, necroptosis is initiated when caspases are in the state of insufficient activation or their activities are interdicted [17] . Trypan blue staining provided the evidence that curcumol induced cell death of HSCs. Further study showed curcumol upregulated the totalprotein expression and phosphorylation of RIPK1 and RIPK3, as well as promoting the formation of necrosome. Necrosome stimulates the phosphorylation of MLKL, further resulting in the generation of autologous oligomers that is a core machinery for triggering necroptosis [21] . Attractively, our study showed that curcumol had no significant effect on the expression of phospho-MLKL. Therefore, phosphorylated MLKL inducing pores did not trigger necroptotic cell death. Obviously, curcumol induced RIPK1/RIPK3-complex dependent necroptosis in human HSC-LX2 cells. As expected, curcumol-induced inhibition of cellular viability and HSC activation were resumed when RIPK3 was genetically reduced by siRNA. However, down-regulation of RIPK1 activity by pharmacological inhibitor Nec-1 enhanced the effect of curcumol. Notably, the positive expression of RIPK1 was further found to be a molecular switch for curcumol to induce necroptosis or apoptosis, which was consistent with previous studies [41, 42] . Interestingly, recent studies have reported that catalytically active RIPK3 induces necroptosis, whereas catalytically inactive platform RIPK3 favors apoptosis [52] . Besides, RIPK3 inhibitors at higher concentrations induce RIPK3-scaffold-dependent apoptosis [53] . In our study, siRIPK3 did not switch cell death from necroptosis to apoptosis as Nec-1 did, in that siRIPK3 mainly affected the expression of RIPK3, having little effect on its kinase activity or conformation. At the same time, our experiments in vivo demonstrated that RIPK3 was co-localized with α-SMA, the marker of activated HSCs in murine fibrotic liver. The ROS accumulation is gradually regarded as the executioner and mediator of necroptosis. Wang et al. reported that AMPK protected against myocardial ischemia and reperfusion (IR) injury resulting from ROS-induced necroptosis. Similarly, the increase of ROS generation in endothelial cells induced necroptosis, providing new insights into targeting organelle-derived ROS for improving endothelial death and related vascular diseases [54] . What's more, Meng et al. demonstrated that the inhibition of ROS suppressed RIP-mediated human HK2 cell necroptosis, which may be the key mechanism of cisplatin-induced nephrotoxicity [55] . Although ROS-mediated necroptosis is harmful for the recovery of certain diseases, some researches also reported that it has the advantage on repressing the growth of tumor cells. Recently, Li et al. revealed that ROS-mediated necroptosis repressed human breast cancer growth possibly due to impaired angiogenesis [56] . Ma et al. reported mitochondrial ROS production induced by C/EBP homologous protein (CHOP) promoted A549 human lung cancer cell necroptosis and inhibited lung cancer progression [57] . These results showed that the function of ROS-induced necroptosis mainly depended on the cellular type and microenvironmental condition. In this study, we found that ROS accumulated significantly in activated HSCs under curcumol treatment. Pretreatment with ROS scavenger NAC, the curcumol-induced inhibition of cell viability was significantly impaired. Numerous studies have revealed that ROS is mainly produced in mitochondria, which in turn lead to the damage of organelles, or even cell death [58] . Besides, RIPK3 could upregulate ROS levels via activating GLUD1 localized at mitochondria, and enhance mitochondrial superoxide production [59] . Furthermore, Marshall et al. reported that mitochondrial respiratory chain inhibitors also decreased LDH release and RIPK1-RIPK3 interaction, suggesting that mitochondria ROS participated in necroptosis [60] . Consistently, we identified that inhibition of RIPK3 with siRNA markedly suppressed curcumol-induced generation of mitochondrial superoxide. It is well known that MDA can mark lipid peroxidation and the presence of excessive MDA represents that cell membranes are seriously damaged and defective. Additionally, SOD is a key antioxidant enzyme, which catalyzes the disproportionation of superoxide (O 2 -) radicals into H 2 O 2 and O 2 . Furthermore, the GSH/GSSG ratio convincingly stands for intracellular redox status, which will affect cell survival. Our results demonstrated that curcumol-induced overproduction of ROS led to an increase of MDA levels and a decrease of SOD and GSH content, while RIPK3 siRNA significantly impaired the effect. In addition, RIPK3 siRNA attenuated curcumol-induced mitochondrial depolarization. These findings collectively indicate the mitochondrial superoxide and mitochondrial dysfunction are indispensable for curcumol-induced necroptosis in HSCs. Prolonged JNK activation is implicated in a variety of hepatic pathologies. Our previous study revealed that DHA induced-JNK1/2 overexpression promoted HSC autophagy to control excessive inflammation [24] . Activated JNK also acted as a downstream mediator of RIPK3-driven necroptosis in hepatocyte [30] . A recent study reported that JNK activation increased intracellular ROS generation, which contributed to glioma cell parthanatos [29] . In the present study, curcumol promoted JNK activation in a time and concentration dependent manner, while RIPK3-deficiency reduced the phosphorylation of JNK in curcumol-treated HSCs, indicating that RIPK3 contributed to JNK activation. Importantly, the inhibition of JNK1/2 activity by selective JNK1/2 inhibitor (SP600125) led to the increase of cell viability and decrease of curcumol-induced mitochondrial ROS and MMP of HSCs. In accord with previous researches, our data shows that JNK1/2 activation serves as a downstream event of RIPK3, and triggers ROS overexpression in activated HSCs, which might be the key mechanism of curcumol-induced necroptosis to inhibit HSC activation. Importantly, we should also take into account the possibility that necroptosis induced by curcumol may have adverse effects on hepatocytes. Attractively, we found that the indicated dose of curcumol could not trigger ROS production and cell death in primary hepatocytes. By contrast, curcumol could significantly reduce the activities of supernatant ALT, AST and LDH in primary hepatocytes from CCl 4 -treated mice liver. Overall, these results show that curcumol the indicated dose of curcumol attenuates HSC activation by inducing HSC necroptosis specifically, and protects mice liver from CCl 4 -induced injury at the same time.
In conclusion, our results demonstrate that curcumol could have a significant protective effect against liver injury and fibrosis in CCl 4 -treated mice. Mechanistically, curcumol inhibits HSC activation through promoting RIPK1/RIPK3 complex formation, followed by JNK1/2 activation and subsequently mitochondrial dysfunction, which ultimately leads to HSC cell death. The necroptosis of activated HSCs induced by curcumol may prove to be a valuable therapeutic strategy for the treatment of liver fibrosis. Project of the Priority Academic Program Development of Jiangsu 
